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Abstract
	Acoustic emission (AE) can be used for online monitoring of composite structures. One of the main issues of using composite structures in various applications is to understand and characterize their failure mechanisms. In this paper, advanced signal processing technique is used to discriminate the failure mechanisms in hemp/epoxy and glass/epoxy composite laminates. Hemp/Epoxy laminates are made from 4 layers of chopped non-woven fiber mats and Glass/ Epoxy cross ply laminates [0/90/90/0]3s are made from 12 layers of unidirectional glass fiber mats. ASTM standard specimens of size 100x 20x4 mm were cut from the laminates. These specimens are subjected to flexural loading with AE monitoring. The choice of the AE  signals for failure mode characterisation were obtained using parametric analysis of AE data such as counts rate and cumulative counts at different levels of loading. Wavelet decomposition was performed on the chosen AE signals to identify the percentage of energy and frequency content of each level which correlate the different failure modes. The studies reveal that wavelet decomposition of AE signals plays a significant role in discriminating the dominance of the different failure modes with respect to the different stages of loading.
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	Composites are widely used for the manufacturing of materials in aerospace applications, automobile and construction. The popularity of composite materials has gained importance for several other applications. The high strength to weight ratio, less weight, specific strength, and temperature and corrosion resistance properties are some of the advantages of composite materials over metals. Glass, carbon fibers are considered as highly applicable reinforcements used in composite materials. But recently the natural fibers such as hemp, jute, flax etc. has arisen to a level that, they may be a replacement for conventional fibers considering the factors such as cost, renewable and availability. Moreover, natural fibers are bio degradable. 1, 2
Hemp is the plant that is characterized under bast fiber and is the member of Cannabaceae family. Reported works on hemp composites suggest that hemp fibers exhibit increased stiffness and strain 3, 4 compared to other natural fibres. The work carried out by Moyeenuddin et al. 5 reported that flexural modulus of hemp/PLA composites increased with increase in fiber content but flexural strength decreases with increased in fibre content and this is due to the fiber defects and these defects caused crack initiation, debonding and early failure before the load is transferred completely from matrix to fiber. 
The composite materials exhibit micro and macro failures when loads are applied.  Unlike metals, micro structural damages in composites are not visible and these failures can be determined only by non-destructive inspection. Acoustic emission (AE) tests are well known as powerful technique to analyze the failure mechanisms in composite laminates. This technique uses the stress waves that generated from the materials when the load is applied and the piezoelectric sensors attached to it captures these waves 6. AE technique has been widely used to analyze the damage mechanisms in carbon and glass fibre reinforced polymeric composites. 7-10 The work carried out by Oskouei and Ahmadi for example using Mode I delamination studies on Glass/epoxy composites with AE monitoring and proposed that the failure mechanisms could be distinguished using power spectrum analysis.11 P.F. Liu, used amplitude, time, count and energy for the evaluation of damage modes in GFRP and tries to set up a correlation between failure and acoustic emission response.12, 13 Amplitude and frequency of AE hits were changes with respect to the different failure modes.  Low amplitude, low frequency ranges are related to matrix cracks, intermediate ranges may be related to interfacial debonding and delamination and the highest frequency range may correspond to fiber breakage.14 Fast Fourier Transform (FFT) can be used for the spectral analysis of signals to determine the failure modes.15 FFT analysis generally gives an overall picture of AE signal which were good for stationary or pseudo-stationary signals. Wavelet analysis can perform localized analysis by which a signal may be split into both time and frequency domains.16 Wavelet analysis is a better tool to classify the micro and macro failure modes in composite laminates.17 A. R. Oskouei concluded that the ranges of energy levels obtained using wavelet analysis are not unique for different materials and hence energy levels of signals may be used to distinguish the failure modes.18 The wavelet transform of AE signals gives the insight of micro failures modes and the sequence of each failure mode and their interactions.
	It can be noticed from the literature that the AE technique has been widely used on glass and carbon fibre reinforced composites. However, there are only limited reported works based on AE on natural fibre reinforced composites have been published.  Park et al.19 investigated the durability of modified Jute fibers/polypropylene composites using micromechanical test and AE.  Santulli 20 also used AE technique to characterize the post-impact damage mechanisms of natural fibre composites. Assarar et al.21 also used AE technique to evaluate the damage events of flax and glass fibre composites. Similarly, De Rosa et al.22 evaluated the effect of damage dissipation of jute/glass hybrid composite laminates using AE technique. However, most of these reported works used to analyze the AE signals using FFT, STFFT and Time-Frequency analysis for discrimination of damage mechanism. The selected AE signals are randomly chosen from the AE hits without assessed the structural integrity of composite laminates at different stage of loading. Thus the predominant failure modes at different stage of loading were diminished. To overcome this loss of information, this paper focused to investigate the dominance of failure modes is classified based on percentage of energy variation due to structural integrity of the composite laminates are very well assessed by the estimation of cumulative energy and counts at different levels of loading. In order to increase the efficacy of failure modes discrimination, wavelet transform is used for chopped non-woven hemp fiber mats and unidirectional glass fiber mats.
The objective of this study is to discriminate and quantify the extent of damage and  the failure modes in hemp/epoxy and glass/epoxy composite laminates subjected to flexural loading with AE monitoring using parametric analysis and wavelet analysis. Parametric analysis was performed on the AE data to identify the regions of damage initiation, damage propagation and unstable growth which leads to the choice of the AE hits for wavelet analysis. 60 AE hits with 30 each from hemp/epoxy and glass/epoxy with ten number of significant AE hits identified from the three different regions were performed with Discrete Wavelet Transform (DWT). The energy levels and frequency content of the different failure modes in hemp/epoxy and glass/epoxy specimens are identified.
2. Experimental procedures
2.1 Materials and specimen preparation
Hemp and glass Epoxy laminates were fabricated with Epoxy LY556 and HY951 as hardener in the ratio of 1:10. In the case of hemp/epoxy laminate four layers of chopped hemp non-woven fiber mats were used. These fiber mats are heated to a temperature of 80oC to remove the moisture content in a heating oven for one hour. Epoxy was used as the matrix medium for both glass and hemp fibers. For GFRP cross ply composite laminates 12 layers of Unidirectional glass fibers are arranged with a layup sequence of [0/90/90/0]3s . The laminates were fabricated using hand layup method and further cured in a compression molding machine at a pressure of 50kg/cm2 and at room temperature for 24hours. Hemp/laminates were post cured in an oven at a 65oC for 3hrs as per the requirements of the supplier. The specimens then cut out from the laminate for testing using water jet cutting. 
2.2 Flexural testing

Three points bending flexural testing was carried out using a 100kN Tinus Olsen universal testing machine. The dimensions of the specimens are kept as 100 × 20 × 4mm. Cross-head speed for testing of all the specimens were kept at 0.5mm/min. Flexural test specimens were prepared from both glass and hemp/epoxy laminates accordance with ASTM D790 (100 mm x 20 mm x 4 mm).
2.3 Acoustic emission monitoring 
An 8 channel AE system supplied by Physical Acoustic Corporation (PAC) (Princeton, NJ, USA) with a sampling rate of 3MHz and a 40dB pre-amplification is used for this study. The preamplifiers having a bandwidth of 10 kHz-2MHz are used. The ambient noise was filtered using a threshold of 45dB. The AE measurements were performed by using two Wide band sensors. The nominal distance between the two sensors were kept as 50 mm. High vacuum silicon grease was used as a couplant between the sensors and the specimen surface.

	  Pencil lead break procedure was used to generate repeatable AE signals for the calibration of each sensor. The wave velocities for hemp/epoxy and glass/epoxy laminates were estimated to be 2250 and 3200 m/s respectively. The input parameters used for AE monitoring of hemp/epoxy specimens are as follows: peak definition time (PDT) = 26 µs, hit definition time (HDT) = 150 µs, hit lock-out time (HLT) = 300 µs. In a similar manner the estimated input parameters for AE monitoring of glass/epoxy specimens are listed as peak definition time (PDT) = 22 µs, hit definition time (HDT) = 150 µs, hit lock-out time (HLT) = 300 µs. These time intervals enable the partition of the continuous AE stress wave into separate hits, in order to analyze them using signal descriptors, such as AE counts, energy and peak frequency. 

2.3.1. Discrete wavelet transform
	 Wavelet transform is ideally used to analyze the frequency spectrum of signals 23, which are not stationary and such are the transient acoustic emission signals originating from growing damage in a materials. For practical applications, discrete wavelet transform (DWT) is more appreciated and widely used. The most common set of DWT is the one formulated by Daubechies. 24, 25 DWT enables to decompose each signal on a wavelet basis as presented in equations 1 and 2.
                            (1)
                                   (2)
	 where DWTf(j, k) are the coefficients of the wavelet transform, j represents the scale and k the shift in time, f(t) is the signal to be analysed and (t) is mother wavelet. DWT decomposes the analyzed signal into continuous frequency bands which depend on the level of decomposition. The original signal passes through two complementary filters and is split in to approximate and the detail coefficients. The sum of the signals obtained at each level reconstructs the primary AE signal. The details of the decomposition can be expressed as equation 3.
                                             (3)
                where DTWf (j, k) is the DWT coefficient and N is the number of samples in the signal. 

2.3.2 Decomposition of AE signals
Let f (t) is the AE signal in time domain with length N, the value of N must be power of two. The decomposition of AE signal as provided in equation 4.
   (4)

where f(Ф)(t) , f(0)(t) ……and f(j)(t) are the level of decomposed AE signals.

2.3.3 Energy criterion in failure modes
	Let E (Ф) (t), E (0) (t), ..…..E (j) (t) is the decomposed cumulative energy in each level at any time during the test.

         

The total energy of the AE signal is given by
          

The ratio of energy at each level of decomposition to the total energy is a criterion by which failure modes can be discriminated with each failure mode corresponding to a frequency bandwidth. The energy ratio at each level can be estimated using the formula 

     i = Ф, 0, 1, 2,……j

4. Results and discussion
In this study characterisation of failure modes in hemp/epoxy and glass/epoxy composite laminates subjected to flexural loading with AE monitoring were performed using parametric analysis and wavelet analysis. The magnitude of the AE cumulative counts and count rate at different levels of loading was used as a key parameter to identify the zone of damage initiation, damage propagation and unstable growth which leads to the choice of 60 number of AE hits for wavelet analysis. DWT analysis was performed on 60 AE hits with 30 each from the flexural test data of both hemp/epoxy and glass/epoxy specimens. Out of the 30 AE hits from hemp/epoxy and glass/epoxy specimens 10 each were identified in the zone of damage initiation, damage accumulation and unstable growth for DWT analysis.
4.1 Parametric analysis of AE data
	Acoustic emission monitoring during the entire loading process was categorized in to three zones such as damage initiation, damage accumulation and unstable growth based on the magnitude of the cumulative counts and AE count rate.26 Figure 2 and Figure 3 show the AE counts rate, cumulative counts, load and AE hits versus time for hemp/epoxy and glass/epoxy specimens subjected to flexural loading with AE monitoring. In the case of hemp/epoxy specimens the zone of damage initiation begins from the start of loading and extends up to < 902 sec, followed by damage accumulation in a time interval ranging between   902 sec to < 1204 sec which leads to an unstable growth tending to failure in a time interval of 1204 sec to 1276 sec. Similarly the time of intervals for the three different zones in the case of glass/ epoxy specimens were identified as < 793 sec, 793 sec to < 850 sec and 850 sec to 869 sec. It was evident from figures 2 and 3 that the magnitude of the AE counts rate were found to be at the lower side (< 0.44 for hemp/epoxy and < 0.42 for glass/epoxy specimens) for most of the hits in the region of damage initiation. 
      
In both hemp/epoxy and glass/epoxy specimens damage accumulation zone corresponds to steep increase in AE count rate where the flat profile of the AE cumulative counts heading for an exponential variation initiating the AE knee. Similarly in both hemp/epoxy and glass/epoxy, the third zone corresponding to an unstable growth was marked by abrupt increase in AE cumulative counts and count rate leading to rupture of the specimen. The choice of the AE hits are based on the fact that the expected dominant failure modes in the zone of damage imitation, damage accumulation and unstable growth corresponds to  matrix cracking, fiber matrix interfacial debonding and delamination and fiber failure respectively. 
      
4.2 Time- Frequency analysis of AE signals

 Discrete wavelet transform (DWT) was performed on 30 number of AE hits both in hemp/epoxy and glass/epoxy, ten each identified in the zone of damage initiation, damage propagation and unstable growth obtained during flexural loading with AE monitoring.  Daubechies 14 or db14 are chosen to decompose the 60 number of AE signals of in to 7 different levels of processed data as shown in Fig.4 and Fig 6. 
In DWT, a signal may be represented by its approximations and details. An approximation is a high-scale, low frequency component of the signal. Details are the low-scale, high frequency components. The summation of the signals obtained at each level reconstructs the primary or original AE signal. The Daubechies wavelets have a high regularity that is defined by their order of differentiability as compared with the Meyer and Morlet wavelets which are localized harmonic functions. The regularity of Daubechies wavelet is useful in estimations of the local properties of signals, such as breakdown points, and discontinuities in higher derivatives. As AE signals due to damage are generally transient in nature Daubechies wavelets have been used to analyze them. Each level represents specific frequency content and the frequency content decreases with increasing levels of wavelet decomposition. To identify the dominant frequency content at each level of decomposition, FFT analysis was performed on all the 60 AE signals. The FFT analysis of the 30 AE hits in hemp/epoxy specimens reveals that the energy rate corresponding to the frequency bands of the different failure modes are found to be present only at the decomposition levels such as D3, D4 and D5.  
The energy rate is found to be very low for the decomposition levels such as D1, D2, D6 and D7 which may be attributed to echo of failure. This was also confirmed from the high frequency content obtained at D1 and D2 and very low frequency content at D6 and D7. In a similar manner for glass/epoxy specimens the energy rate corresponding to the frequency bands of the different failure modes are observed at the decomposition levels such as D2, D3, D4 and D5.  The energy rate is found to be very low for the decomposition levels such as D1, D6 and D7 which may be attributed to echo of failure. This was further confirmed from the high frequency content obtained at D1 and very low frequency content at D6 and D7.

4.3 Characterization of failure modes in different zone
 	
Figure 8 (a- c) shows the percentage energy rate versus the different levels of decomposition for the AE hits obtained in the regions of damage initiation, damage accumulation and unstable growth. From the figure it was evident that the percentage energy rate was higher for fourth level of decomposition which corresponds to a frequency range of              135-180 kHz. Figure 8 (d) shows the frequency ranges at each level of decomposition. The energy rate is found to be very low for the decomposition levels such as D1, D2, D6 and D7 which may be attributed to echo of failure. The low frequency range of   70-130 kHz which was predominant at the fifth level of decomposition (D5) corresponds to matrix cracking failure mode and the high frequency range of 200-280 kHz which occurs at the third level of decomposition (D3) corresponds to fiber failure mode. The medium frequency range of 135-180 kHz which was found to be predominant at the fourth level D4 corresponds to fiber matrix debonding.  These results were further validated from the load, peak frequency and cumulative energy versus time plots shown in figure 9. From Figure 9 it was observed that at the initial stages of loading hits with frequency content in the range of 70-130 kHz and 135-180 kHz are dominant which are related to matrix cracking and fiber matrix interfacial debonding respectively. Further loading beyond 900 sec was marked with an abrupt increase in AE cumulative energy initiating the AE knee where damage progresses at a faster rate.  Three ranges of frequency content such as 70-130 kHz and 135-180 kHz and 200-280 kHz were observed beyond 800 seconds out of which the highest frequency range of 200-280 kHz corresponds to fiber failure mode.


The percentage energy rate versus different levels of decomposition for AE hits obtained in the regions of damage initiation, damage accumulation and unstable growth for glass/epoxy laminates was depicted in figure 10 (a-c). From the figure it was evident that the percentage energy rate was found to be dominant at four levels of decomposition such as D2, D3, D4 and D5 which may be possibly related to the four different failure modes such as fibre failure, fibre matrix interfacial debonding, delamination and matrix cracking respectively. From the percentage energy versus decomposition levels highlighting the region of damage initiation shown in figure 10 (a) it was evident that the percentage energy was found to be higher at D3 and D5 for the failure modes such as fibre matrix interfacial debonding and matrix cracking.  The percentage energy rate corresponding to the AE hits observed in the region of damage accumulation was found to be higher at D3 which was followed by a slight increase in percentage energy rate at D4 confirming the initiation of delamination failure mode as shown in figure 10 (b). The percentage energy rate corresponding to the AE hits observed in the region of unstable growth was found to be predominant both at D3 and D4 confirming that the region of unstable growth was dominated by the failure modes such as fibre matrix interfacial debonding and delamination as shown in figure 10(c). Figure 10 (d) shows the frequency ranges at each level of decomposition. The energy rate is found to be very low for the decomposition levels such as D1, D6 and D7 which may be attributed to echo of failure. The low frequency range of 70-150 kHz which was predominant at the fifth level of decomposition (D5) corresponds to matrix cracking failure mode and the high frequency range of 300-400 kHz which occurs at D2 corresponds to fiber failure mode. Fiber matrix interfacial debonding failure mode which was predominant at the different stages of loading was found to possess frequency range of 210- 270 kHz. Hence the frequency range of 168-190 kHz may be related to delamination failure mode.  These results were further validated from the load, peak frequency and cumulative energy versus time plots shown in Figure 11. 

From Figure11 it was observed that at the initial stages of loading hits with frequency content in the range of 70-150 kHz and 210-270 kHz are dominant which are related to matrix cracking and fiber matrix interfacial debonding respectively. Further loading beyond 793 sec was marked with an abrupt increase in AE cumulative energy initiating the AE knee where damage progresses at a faster rate.  Four ranges of frequency content such as 70-150 kHz, 168-190 kHz, 210- 270 kHz and 300-400 kHz was found and corresponding failure modes are matrix cracking, delamination, fiber matrix interfacial debonding and   fiber failure respectively.

The average percentage of energy and the range of frequency content for the AE hits subjected to DWT analysis are listed in Table. From the table it was evident that the percentage energy rate obtained from DWT analysis clearly reflects the dominance of the different failure modes in both Hemp/Epoxy and Glass/Epoxy laminates. In both the cases the percentage energy rate was found to be higher for fiber matrix debonding. The frequency bands obtained during the different levels of decomposition are well in agreement with the peak frequency parameter obtained during AE monitoring. From Table it was evident that the dominant failure modes during flexural testing of Hemp/Epoxy laminates are fiber matrix interfacial debonding and fiber failure, whereas for glass/epoxy laminates the dominant failure modes are fiber matrix interfacial debonding and delamination. 
4. Conclusion 
	This study mainly focuses on using wavelet analysis as a tool to identify the energy levels and frequency content of the different failure modes in hemp/epoxy and glass/epoxy specimens subjected to flexural loading with AE monitoring. Structural integrity of the composite laminates are very well assessed by the estimation of cumulative energy and counts at different levels of loading which are categorized as damage initiation , damage accumulation and unstable growth. DWT analysis was performed on AE hits identified in the three different regions for both hemp and glass/epoxy laminates. From the above studies the following conclusions were arrived.
DWT analysis was able to estimate the percentage energy level and frequency bands at each level of decomposition which are representative of the different failure modes. Three ranges of frequency bands were identified in the case of hemp/epoxy laminates such as 70-130 kHz and 135-180 kHz and 200-280 kHz which corresponds to matrix cracking, fiber matrix interfacial debonding and fiber failure respectively. In a similar manner four ranges of frequency bands were identified such as 70-150 kHz, 168-190 kHz, 210- 270 kHz and 300-400 kHz representing matrix cracking, delamination, fiber matrix interfacial debonding and fiber failure respectively. The absence of frequency bands pertaining to delamination failure mode owing to the chopped nature of the hemp fibers gives a clear indication that DWT analysis was a powerful tool which could be used to characterize the failure modes in composite laminates. It was also clear from the above studies that the regions of damage initiation, damage accumulation and unstable growth are marked with abrupt increase in AE cumulative energy reflecting fiber matrix debonding as the dominant failure mode with higher percentage energy rate for both hemp and glass/epoxy laminates.
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Fig 1: Specimen under flexural loading with AE sensors
Fig 2: AE time vs. load, AE Hits, Normalized AE counts rate and cumulative counts for hemp/epoxy laminates.
Fig 3: AE time Vs load, AE Hits, Normalized AE counts rate and cumulative counts for glass/epoxy laminates.

Fig 4: Decomposition of AE signals for   hemp/epoxy laminates.

Fig 5: Frequency content of decomposed components for hemp/epoxy laminates.
Fig 6.Decomposition of AE signals for glass/epoxy laminates.
Fig 7: Frequency content of decomposed components for glass/epoxy laminates.

Fig 8: Level of decomposition of AE signals Vs Energy rate for each failure modes (a) damage initiation zone (b) Damage accumulation zone (c) Unstable damage zone and (d) Peak Frequency for hemp/epoxy laminates.

Fig 9: AE time Vs load, peak frequency and cumulative energy for hemp/epoxy laminates.   

Fig 10: Level of decomposition of AE signals Vs Energy rate for each failure modes (a) damage initiation zone (b) Damage accumulation zone (c) Unstable damage zone and (d) Peak Frequency for glass/epoxy laminates.













Fig 2: AE time vs. load, AE Hits, Normalized AE counts rate and cumulative counts for hemp/epoxy laminates.

Fig 3: AE time Vs load, AE Hits, Normalized AE counts rate and cumulative counts for glass/epoxy laminates.
    





Fig 5: Frequency content of decomposed components for hemp/epoxy laminates


Fig 6.Decomposition of AE signals for glass/epoxy laminates.


Fig 7: Frequency content of decomposed components for glass/epoxy laminates.


Fig 8: Level of decomposition of AE signals Vs Energy rate for each failure modes (a) damage initiation zone (b) Damage accumulation zone (c) Unstable damage zone and (d) Peak Frequency for hemp/epoxy laminates.


Fig 9: AE time Vs load, peak frequency and cumulative energy for hemp/epoxy laminates.   


Fig 10: Level of decomposition of AE signals Vs Energy rate for each failure modes (a) damage initiation zone (b) Damage accumulation zone (c) Unstable damage zone and (d) Peak Frequency for glass/epoxy laminates.


Fig 11: AE time Vs load, peak frequency and cumulative energy for glass/epoxy laminates

Table Captions
Table 1: Summary of failure mode characterization using DWT analysis of AE signals 


Table 1: Summary of failure mode characterization using DWT analysis of AE signals 
Materials	Decomposedcomponents	% of Energy	Frequency range (kHz)	Types of Failure modes
Hemp/Epoxy	D3	22.68	200 -290	Fiber failure
	D4	74.91	135 -180	Fiber-Matrix interfacial debonding
	D5	2.41	70 -1 30	Matrix cracking
 Glass/Epoxy     [0/90/90/0]3s	            D2	2.74	300 - 400	Fiber failure
	D3	70.77	210 - 270	Fiber-Matrix interfacial debonding
	D4	5.79	168 - 190	Delamination
	D5	20.70	70 - 150	Matrix cracking









